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ABSTRACT. Understanding the physical 
phenomena involved in the welding 
process is of substantial value to improv- 
ing the weldability of materials. The in- 
tense heat and the arc inherent in fusion 
welding make direct experimental obser- 
vation of the weld pool behavior rather 
difficult. Thus, numerical models that 
can predict the processes involved have 
become an invaluable tool for studying 
welding. One of the major factors affect- 
ing the motion within the molten weld 
pool is the gravity-driven buoyancy 
force. This force can act to oppose or en- 
hance the Marangoni and/or electromag- 
netic driven convective flow within the 
weld pool. To study the effect of gravity 
on weld pool processes, a series of nu- 
merical simulations was performed. It 
was found that higher gravitational fields 
tend to enhance the convective f low 
within the weld pool and thus affect the 
heat transfer, the depth and width of the 
two phase region, and the pool depth-to- 
width ratio. 
Introduction 
According to David and DebRoy (Ref. 
1), "Losses of life and property damage 
due to catastrophic failure of structures 
are often traced to defective welds." 
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Since welding is such an important and 
widespread fabrication technique, it is 
imperative that a basic understanding of 
the physical processes involved become 
available. Until recently, welding has 
been thought of more as an art than a sci- 
ence with techniques developed through 
trial and error methods. Since welding is 
used in such a wide range of metal join- 
ing applications, from bicycles to nuclear 
reactor cores, providing a fundamental 
understanding of processes involved is of 
crucial interest to many fields. Several 
problems arise that cause defects within 
welds. One major source of defects is hot 
cracking. Factors affecting the hot-crack- 
ing susceptibility of an alloy fall into two 
categories: metallurgical and mechani- 
cal. The metallurgical factors are con- 
trolled by the composition and solidifi- 
cation morphology of the weldment. The 
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Aluminum Alloy 6061 
mechanical factors are controlled by 
thermal stresses and strains. These me- 
chanical factors occur in the material as 
it goes through its intense thermal cycle 
that causes the metal to solidify rapidly. 
Since these cracks are detrimental to the 
quality of the weldment, and ultimately 
the workpiece, it is beneficial to be able 
to develop a proper welding procedure 
so that hot cracking can be avoided. In 
order to achieve this goal, it is first nec- 
essary to understand the physical 
processes that occur during welding. The 
nature of arc welding does not allow di- 
rect observation during the welding 
process, and physical observation of the 
weld is limited to solidified welds. Thus, 
models which are capable of predicting 
the transient phenomena that are present 
during the welding process are needed to 
provide a better understanding of rela- 
tionships between the microstructure 
and properties of welds (Ref. 1). 
Background 
A brief review of the published litera- 
ture on weld pool modeling is provided 
in this section. Most earlier models de- 
veloped for the prediction of weld pool 
characteristics are limited by many sim- 
plifying assumptions. Some of the com- 
mon restrictive assumptions that cause 
the models to be unrealistic include a 
prescribed weld pool profile, an unde- 
formable weld pool surface, a stationary 
heat source, and a two-dimensional (2- 
D) simplification of a three-dimensional 
(3-D) problem. Only the model devel- 
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oped by Zacharia, et  al. (Ref. 2), relaxes 
many of these limitations and provides a 
realistic computational model for calcu- 
lating weld pool characteristics. 
In 1988, Zacharia, Eraslan, and Aidun 
(Refs. 2, 3) developed a 3-D transient 
model to simulate a moving gas tungsten 
arc (GTA) and a gas metal arc (GMA) 
welding process. The model incorpo- 
rates a deformable surface and allows for 
mass addition and surface evaporation. 
The researchers found that the 
Marangoni forces were dominant, that 
surface deformation could retard 
Marangoni effects, and that the predicted 
surface deformation was in agreement 
with observation. Since the surface is 
completely deformable, the model accu- 
rately describes the phenomena of sur- 
face rippling and the weld "crown." In 
addition, the code may be applied to 
welding in microgravity conditions. 
Paul and DebRoy (Ref. 4) used a 2-D 
model to simulate a low-power laser 
weld. Although their model assumed a 
rigid surface, they were able to superim- 
pose the topography based on upward 
velocities at the surface with reasonable 
accuracy. Their results found fair agree- 
Table 1 - -  Thermophysical Properties and Weld  








Latent heat of fusion 
Latent heat of vaporization 
Liquidus viscosity 
Thermal conductivity of solid material 
Thermal conductivity of liquid material 
Specific heat, Cp 
Surface tension @ liquidus 






Effective radius of heat flux 
ment between numerical and experi- 
mentally determined surface topography, 
peak temperature, and secondary den- 
drite arm spacings. 
Tsao and Wu (Ref. 5) presented a tran- 
sient model that simulates both GMA and 
GTA welding processes. With their 
model they were able to account for the 
thermal energy addition of the filler metal 
within the arc. By applying this model to 
both GMA and GTA welding, they found 
that GMA penetrates three times faster 
than GTA under similar conditions. They 
also found that the surface properties 
have little influence on the GMA weld 
pool shape. The main influence on the 
increased weld penetration results from 
the molten filler metal (spray). 
In 1989, Kaukler, et  al. (Ref. 6), per- 
formed a conceptual study of laser beam 
welding in space. Their study consisted 
of performing laser beam melting and so- 
lidification experiments on board a 
N A S A  KC-135 airplane to indicate the 
most cost-effective technology for pro- 
viding laser welding in space. Their ex- 
periments caused changes to heat trans- 
fer and morphology by varying the 
acceleration level alone. They con- 






2700 kg/m 3 
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2241 kg/m 3 
1.26 (10 -6) H/m 
1516 kJ/kg 
40,138 kJ/kg 
0.375 (10 -6) m2/s 
168 W / m o ° C  
108 W/m-°C 
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face ripples were formed by 
surface tension gradients. 
They also noted that the op- 
timal conditions for laser 
welding in space still need 
to be determined. 
A 2-D transient model 
of the GTA weld process 
was formulated by Thomp- 
son and Szekely (Ref. 7). 
This model does not con- 
sider the effect of Lorenz 
forces, but does allow for 
the depression of the free 
surface. The model showed 
that the depression of the free surface can 
affect the maximum surface velocity by 
up to approximately 10%. It also can 
cause a change in the weld penetration 
approximately equal to the amount of the 
depression. 
Tsotridis, Rother and Hondros (Ref. 8) 
constructed a 2-D transient model that 
simulates a laser weld process and was 
the first to account for heat losses due to 
surface evaporation. They found that 
Marangoni forces are dominant and that 
the weld profile near the surface is par- 
tially dependent upon the power of the 
laser beam. 
Pardo and Weckman (Ref. 9) devel- 
oped a 3-D finite element model for the 
calculation of steady-state temperatures in 
the GMA welding process. The model ac- 
counts for the release of the latent heat of 
fusion at the solid-liquid interface and is 
capable of predicting the weld reinforce- 
ment geometry. This model can also han- 
dle nonuniform velocity fields and surface 
geometries within the liquid weld pool. 
Tsai and Kou (Ref. 1 O) developed a 2- 
D steady-state model to describe 
Marangoni convection within a weld 
pool. The pool surface as well as the liq- 
uid-solid boundary were calculated. The 
weld pool surface is calculated with the 
help of orthogonal curvilinear co-ordi- 
nates. They considered both a positive 
and negative surface tension temperature 
coefficient in their study. They found that 
when the surface tension gradient is neg- 
ative the Marangoni flow is radially out- 
ward and the center of the pool surface is 
depressed while the outer portion of the 
pool is elevated. When the surface ten- 
sion gradient is positive the reverse is 
true. They also found that pool depth can 
be significantly overestimated if the pool 
surface is assumed flat. 
Recently, Zacharia and coworkers 
(Refs. 11, 12) used metallographic tech- 
niques to compare the actual fusion zone 
geometry of laser and GTA welds onto 
304 stainless steel with their numerical 
simulation results. The model correctly 
predicts the shape of the fusion zones. 
They found that the weld bead is ob- 
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tained as a result of the solidification of 
the liquid metal, so that the behavior of 
the liquid metal during solidification in 
the fusion zone should be considered an 
essential influence on the final properties 
of the weld. 
In the present work, numerical simu- 
lations of GTA welds onto a material 
which has similar properties to that of the 
aluminum Alloy 6061 are presented for 
varying levels of gravity. The WELDER 
code is used for the theoretical prediction 
of the heat transfer processes involved in 
a standard GTA weld. The model consid- 
ers the buoyancy, electromagnetic, and 
surface tension forces when solving for 
the overall heat transfer for a workpiece 
of finite size and shape. The model also 
accounts for phase change and considers 
the temperature dependence of the ther- 
mophysical properties. The relevant ther- 
mophysical properties for the material 
and the appropriate GTA welding 
process conditions are utilized in the 
simulation so that accurate results are ob- 
tained. The effects of gravity on the con- 
vection patterns and thermal conditions 
in stationary and moving weld pools are 
studied. The consequences of gravity on 
weld pool depth-to-width ratio is also 
discussed. 
Numerical  Simulation 
The WELDER code is a transient, 
three-dimensional computer simulation 
model which was developed for the in- 
vestigation of coupled conduction and 
forced- and natural-convection heat 
transfer problems associated with the 
welding process. On the basis of model- 
ing of physical phenomena, the special 
features of the code include: 1) realistic 
treatment of the molten surface of the 
weld pool as a deformable surface; 2) de- 
tailed consideration (without resorting to 
the Boussinesq approximation) of all of 
the densimetric-effect terms; 3) detailed 
consideration of the electromagnetic 
force effects; 4) accurate treatment of the 
mass addition to the weld pool (nonau- 
togenous welding); 5) accurate treatment 
of the transient shape of the solid-liquid 
interface, according to a nonequilibrium 
(kinetic) phase-change model; 6) correct 
treatment of the combined surface-ten- 
sion pressure and surface-tension-gradi- 
ent effect (Marangoni shear-stress effect); 
7) consideration of an arbitrary gravita- 
tional force (both low and high g); 8) con- 
sideration of the inclination of the work- 
piece relative to the gravitational force 
field (simulating out-of-position weld- 
ing); 9) detailed consideration of surface 
cooling (convection and radiation); 10) 
realistic treatment of surface evaporation 
of the metal in the weld pool; and 11 ) ac- 
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Fig. 2 --  Schematic diagram of the workpiece and the weld pool. 
curate representation of the moving arc 
conditions (linear welds). 
Special computational features in- 
clude: 1) geometrically accurate com- 
posite-space-splitting discretization al- 
gorithm of the discrete-element-analysis; 
2) composite-time-splitting explicit inte- 
gration algorithm, with directional-trans- 
portive-upwind interpolation, which 
guarantees the stability of numerical so- 
lutions with second-order accuracy; and 
3) marked-element formulation for accu- 
rate computation of the transient solid- 
liquid interface of the two-phase mushy- 
zone subregion. 
The WELDER code is an explicit 
method and the time-steps are selected 
such that the 1) Courant-Friedrichs-Lewy 
criterion, 2) Courant criterion, and 3) 
Neumann criterion are satisfied. For a 
more complete description of the 
WELDER code, along with the dis- 
cretization algorithm and all required 
stability criteria, one is referred to the 
work of Eraslan, et al. (Ref. 3). 
Buoyancy-Driven Flow 
The densimetric-coupling associated 
with the variation of the density of the liq- 
uid metal is included in the WELDER 
code. The local density of the liquid 
metal is considered as a constant refer- 
ence value plus a generalized compress- 
ibility factor which represents the percent 
density variation with temperature (Ref. 
2). That is: 
P=P°(I+~°° I=P°(I+~) (la) 
(1 b) 
where p is the local density, Po is the ref- 
erence density, I~ is the compressibility 
factor, and T is the temperature. 
The gravitational force has a direct ef- 
fect on the f low within a weld pool 
(through the buoyancy effect) and can be 
used to either enhance or deter the flow 
of molten material. When a fluid goes 
through a temperature change, there is 
also a corresponding change in its den- 
sity. For welding, the incident heating 
upon the surface of the molten weld pool 
causes the melt to rise in temperature 
and, thus, go through a change in density. 
For most cases, the density decreases as 
the temperature increases. 
A schematic of a buoyancy-driven 
flow pattern is shown in Fig. 1. This figure 
shows how the temperature gradient 
within a weld pool causes a correspond- 
ing density gradient and enhances the 
flow. When material of a higher tempera- 
ture and lower density is forced to the bot- 
tom of a weld pool, the buoyancy force 
causes it to rise up through the center of 
the pool. The flow moves radially out- 
ward, the hot material is forced along the 
surface and then down the sides of the 
weld pool to the bottom. This leads to the 
circulation flow pattern shown in Fig. 1. 
The buoyancy-driven convection tends to 
decrease the depth-to-width ratio. 
Earlier, the WELDER code was used 
by Domey, etaL (Ref. 13), to study weld- 
ing process phenomena of a material 
with properties similar to that of the tita- 
nium alloy, Ti-6AI-4V. His results showed 
that the WELDER code is a suitable tool 
for the investigation of heat transfer phe- 
nomena involved in GTA welding. 
Numerical Parameters 
The simulations were performed for a 
stationary 150-A, direct current elec- 
trode negative (DCEN), 21-V GTA weld 
onto a 24 x 24 x 6-mm (1 x 1 x 1/4-in.) 
workpiece of a material with similar ther- 
mophysical properties to that of the alu- 
minum Alloy 6061. This material was 
chosen due to its widespread use in the 
transportation industry. In order for a sim- 
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ulation to predict accurate results, all of 
the relevant thermophysical properties 
for the given material must be known. 
The values for the thermophysical prop- 
erties used in the present simulations are 
listed in Table I .  
As shown in Fig. 2, the workpiece is 
assumed to be completely surrounded by 
air at room temperature. This figure is a 
schematic diagram of the system that was 
used in both of the simulations. The elec- 
trode was placed directly over the center. 
Natural convection with the surround- 
ings was assumed at the boundaries, with 
evaporation allowed from the liquid sur- 
faces. For both of the stationary GTA 
weld simulations, the electrode was 
placed directly above the center of the 
surface of the specimen and held sta- 
tionary throughout the simulation. The 
gravitational force was assumed to be 
acting normal to the surface of the work- 
piece and directed downward (the nega- 
tive z direction). 
The grid system employed in both the 
stationary and linear gas tungsten arc 
weld (GTAW) simulations was a 16 x 16 
x 8 grid, as shown in Fig. 3. This figure 
shows the numerical grid system that was 
used in the simulations as the geometry 
was broken down into 16 divisions in 
each of the X and Y directions and 8 di- 
visions in the Z direction. The divisions 
are smaller in the center and near the top 
where most of the "action" takes place. 
The spacings in the central area, where 
the weld pool forms, are smaller to im- 
prove resolution. Although this grid was 
relatively coarse, it provided results for 
quantitative analysis, while keeping the 
computational time within an acceptable 
limit. Should a finer mesh for a higher ac- 
curacy be desired, it could easily be im- 
plemented at the expense of additional 
computational time. A SPARC-station 2 
GX, along with a 600 MB hard drive, was 
used to provide the necessary computa- 
tional power and storage capability. The 
resulting data files from WELDER were 
plotted using Tecplot 5.0 and then 
printed using a PostScript laser printer. 
Results 
Several simulations were performed 
for different levels of gravity. The results 
of three of the transient simulations are 
shown in Fig. 4. Both the top views, as 
well as the side views, for the 0.1,1.0 and 
2.0-g simulations at a time of 1.0 s are 
shown. As can be seen from the figure, 
rather complex convection patterns are 
formed. The higher g produces greater 
velocities, as indicated by longer arrows. 
The Grashof number, which is the ratio of 
the buoyancy forces 
to the viscous forces, is expressed as: 
Gr = ~jg(Ts -T-)L3 
v 2 (2a) 
where FJ is the compressibility factor 
computed using Equation (1 b) described 
earlier, T is temperature, L is length scale, 
and 1) is the viscosity of the fluid. For the 
three cases presented here, the Grashof 
numbers have been computed and are: 
Gr(0.1 g) = 2.08 x 106, Gr(1.0 g) = 2.48 
x 107 , and Gr(2.0 g) = 1.56 x 108 . In ad- 
dition to the Grashof numbers, the Bond 
numbers have also been calculated. The 
Bond number, which is the ratio of the 
gravitational and surface tension forces, 
is expressed as: 
Bo = PgL2 
(2b) 
where L and (~ are length scale and surface 
tension, respectively. The Bond numbers 
for the three cases are: Bo(0.1 g) = 0.190, 
Bo(1.0 g) = 2.04, and Bo(2.0 g) = 7.88. 
At 0.1 g, the convection flow pattern 
is mostly due to a combination of the 
electromagnetic force (EMF) and the 
Marangoni force. This is because the 
buoyancy force is greatly reduced at this 
microgravity level. The roughly counter- 
clockwise surface flow pattern observed 
for the 0.1-g case in Fig. 4 is oscillatory 
in nature. It is conjectured that this is due 
to the interaction between the EMF, 
Marangoni, surface tension, and buoy- 
ancy forces at this reduced gravity con- 
dition. Understanding the additional de- 
tails of these phenomena requires further 
investigation and the results may be re- 
ported in a future paper. 
For the 1.0-g case, the buoyancy-dri- 
ven convection dominates the convec- 
tion pattern and the flow is radially out- 
ward. The melt zone for the normal 
gravity condition is roughly similar in 
size to that of the 0.1-g case. At 2.0 g, 
however, the buoyancy-driven flow be- 
comes very strong and results in rela- 
tively high convective velocity. That in- 
creases the heat flow rate, as well as the 
overall size of the weld pool. 
The presented results show that for 
smaller g fields, the EMF and Marangoni 
forces dominate, whereas, buoyancy 
forces dominate at normal or high-grav- 
ity conditions. This is evident in compar- 
ing the Grashof numbers for the 0.1- and 
2.0-g cases which are 2.08 x 106 and 
1.56 x 108, respectively. The larger 
Grashof number in the 2.0-g case indi- 
cates that the buoyancy force has be- 
come more prominent in the higher g 
regime. The results also indicate that the 
buoyancy forces become more promi- 
nent than the surface-tension-related 
forces as the g-levels increase. This is in- 











Fig. 4 - -  Stationary GTA welds at different gravity levels (g = earth's gravity). 
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Mushy Zone Size 
for O.01g, 0.1g, 0.Sg, 1.0g, 1.5g, and 2.0g Simulations 
the width direction 
was greater than in 
the depth direction. 
• " ' The mushyzone, or 
two-phase region, 
was defined as the re- 
gion bounded by the 
solidus and liquidus 
lines, as shown in Fig. 
5. Although these 
isotherms are derived 
from the equilibrium 
phase diagram and a 
weld is a transient 
process, this defini- 
tion allows for a 
• " " ,~, quantitative compari- 
son between simula- 
tions to be drawn. In 
Fig. 7, it can be seen 
that as the gravita- 
tional force was in- 
creased, the mushy 
zone size was slightly 
decreased until an acceleration of ap- 
proximately 1.5 g. At this point the 
mushy zone size begins to increase indi- 
cating that the solidus isotherm was ex- 
panding into the base material faster than 
the liquidus isotherm. This phenomenon 
is currently under investigation. 
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Fig. 7 - -  Mushy zone size vs. gravity level. 
dicated by the Bond number for the 0.1 - 
g case, Bo(0.1 g) = 0.190, which is much 
smaller than that for the 2.0-g case, 
Bo(2.0 g) = 7.88. 
Weld Pool Shape and Mushy Zone 
In this work, the depth of the weld 
pool was defined as the distance normal 
to the surface of the weld pool down to a 
point midway between the solidus and 
liquidus isotherms (Fig. 5). Similarly, the 
width was defined as the distance along 
the surface of the weld pool, as measured 
from the midway points between the 
solidus and liquidus isotherms across the 
diameter of the molten pool. 
The depth, width, and depth-to-width 
ratio (d/w) are plotted vs. gravity in Fig. 
6. As can be seen from the figure, high 
gravity causes both the depth and width 
of the weld to increase. The slope of the 
width line was greater than that of the 
depth line. This can also be seen by not- 
ing that the depth-to-width ratio has a 
slight negative slope, indicating that the 
gravitational effect on the heat transfer in 
C o n c l u s i o n s  
Numerical simulations of a GTA 
welding process were performed for dif- 
ferent levels of gravity. The results show 
that a high gravitational field causes an 
enhanced buoyancy-driven radially out- 
ward flow in the weld pool. This rather 
high-speed flow causes an increase in the 
heat transfer as compared to the lower 
gravity cases. The increased heat transfer 
affects the depth, width, d/w ratio and the 
size of the mushy zone. The depth and 
width both increase with an increase in 
the gravitational field, but the width 
grows more rapidly, resulting in a de- 
creased d/w ratio. The mushy zone also 
increases slightly with a corresponding 
increase in the gravitational field. The re- 
suits also show that at low-gravity condi- 
tions the electromagnetic driven convec- 
tive flow becomes quite important. 
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